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CLIO-MQM Workshop
— Challenges to see quantum behavior of a macroscopic object —

Kentaro Somiya

Abstract
To clarify the difference between classical objects like human beings and quantum objects like photon or elec-
tron is one of the most important themes in Quantum Mechanics. The first face-to-face workshop on this theme
with people working for gravitational-wave detectors was held at the Waseda Institute for Advanced Study on
May 24th and 25th and this is the report of the workshop.
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Mapping the micro-oscillator experiments in
the world K.Somiya (WIAS)

Broad spectrum of systems

4— [Kippemberg and Vahala (2010)]

l [Ekinci and Roukes (2005)]
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Micro-oscillator experiment at NAO
T. Mori (Univ of Tokyo) et al.
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2. Setup: Small mirror and pendulum

& Silica fiber of 10um in diameter
v For lower suspension thermal noise
® Mow 20um: due to availability

® 20 mg mirror with a diameter of 3mm
» Effective diameter ~2mm
® Flat mirror
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® Silica fiber attached on 20mg mirror
® Glued with UV cured resin
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Nano-gram membrane experiment at AEI
K.Yamamoto (AEl) et al.
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! 2. Current status

Inside vacuum tank

f;i j Leibniz
i ¢ Z 1 Universitit
ted 4§ Hannover

B3 AEIEERTIEES 75nm DX > T L — > & HiRSE
RICHARAA, ZOEMEAEL TWD (UxiE
TDRZ4KEN),

ZeX, HIRBNST —2EZDEA VY TL—=VD
KRB ZEA T 5 Z & B MGE S iz,

72, ZOFEBETIE, AV TL—VIiINg 87—
EHRGIT B LBEOVWTLES 2B EI N5
W, vA LY Y TlEIE Y = v v 7 TlkEH LA
BbY, NI =UHAL )T FILY) H A s
VYT EEAL, MEE A TSGR L Tn
%o

10m interferometer at AEI
S.Gossler (AEl) et al.

100 mm flanges
to fit feed throughs

600 mm flanges
to fit viewports

100 mm flanges
to fit feed throughs
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Laser cooling of a micro-resonator at LKB
T.Briant (UPMC) et al.

Micro-resonator cavity

1 mmx 400 gum= 60 pm
M =100 ug

Micro-fabrication at ESIEE

Optical coating at LMA (Virgo Lyon)
Optical metrology at ESPCI
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Macroscopic Quantum Mechanics in Opto-
mechanical Devices H.Miao (UWA)

Quantum entanglement
CEH—

“Violation"” of the Heisenberg Uncertainty Principle (HUF)
Choice Infer
Entangled envel s . .
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Quantitative criterions for continuous variable
= Emstein-Podolsky-Rosen (EPR) eriterion: A’ - Ap hj2
More general: AX[ - AX], < sin(d - 8)/2 (Xp = = cosl + L\-.iur‘,l}
Ty Py
Light Orscillator
Amplitude Xa;
Entangled 2
] . b1
oscillator

Pom Phase

Momentum

CLIO-MOM Workshop 24" May, 2010
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Funny analogy

£.8=66 -6 =0

Small Large State

“Measurement”

verl. ermor Veri. ermor reconstruction
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Agitating or ‘

CLIO-MOM Workshop 24 May, 2010
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Towards mechanical non-Gaussian states

with optical interferometers
S.Danilishin (Moscow State) et al.

Proparatic mochnic

E o O teste= winn b 11
Conditional mechanical non-Gaussian Wigner function
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Up-converter regime in MQM experiments
F.Khalili (Moscow State)

Sloshing of quantum states

Input /output
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periodical swapping of the optical i+ ~a® = A5+ uf
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Nr=m/2 '
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Squeezing and radiation pressure experi-
ments at MIT T.Corbitt (MIT) et al.
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LIGO
LIGO cooling results

* Cooling of 2x10° below

room temperature
Ten  MNan

= Occupation number of 2- (a) 29.0 uK 4433

about 200. ) (b} 10.2 uK 1556
= Uncertainty in source of i‘é“ ".hj“ :;: g: t: g:g

noise (real mirror . '.__?_ i\“". (e} 25uK 389

motion, scattering, etc..) £ 8 JN 0 1BuK 255

causes overestimate of = 4 “ (@) 14pK 234

center of mass motionof & A,

mirror — mostly shot -:_. =. g:f W

noise =
* We've made the most g A

pessimistic estimate of § e ok ¥

the mirror motion as - R

possible o ;l’ il 4

¥ frwam

“Observation of a kilogram-scale os | \_':\ fhan | Dl *Lv’f“"l\.‘ﬁm\,v

oscillator near its quantum '1, Ll Gl g Y M e Al ‘ﬂ\

ground state,” New I, Phvs. 11 - "

073032 (2009). 100 10 120 130 ‘40 150 160 ‘70

4 Q/2x (Hz)

WGO  ponderomotive interferometer

LIGO . )
Oscillator construction

* Bragg mirror composed of
single crystal AlGaAs
layers.

= — 5 pm thick.

= Entire structure is reflective.

= Standard fabrication
techniques.

= Reflectivities of 99.99%
demonstrated.

* Fabricated by Garrett Cole
at Univ. of Vienna.
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CLIO Experiments and Reconstruction for
MQM S.Miyoki (ICRR) et al.
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How to Reach MQM (1)

- strategy 1 -

® Replace amirror from 2 CLIO Displacement Sensitivity (20K)

1.8kg(Sa) -> ~200g(Sa).

~200g is maybe practically

minimum weight not to | "1|
enhance thermal noises for '\,

the 100m FP cavity. ey 1
us- \tll“a

. i (slrumlre; Q=107 ) ﬂ'w“"t"-‘“ {:o mW fow
®Cool all mirrors using S mn o
"U"'v*i’“’ e

aluminum or sapphire
fibers to reduce thermal
noises.

Mirror Thermal

®5hot noise and RF (Thermo}) 5 - —— ———

intensity noise reduction.

11 REDCLONDEBEE., HEBEBIELALEE
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»H b, i?"fﬁﬁ 3405 BEDD B 2O ITH
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HEZTILIDT 7 AN—THORTWAR, Th
%*)‘7747774/\“~ IRt S, -, Y avy

M)A XETFE72012, XE2D#LTT7x bT T
7?%@ﬁﬁn5056k\&l%TT5t
BIfE1.8kg TH DY 7 74 7 Hi% 200g D & DIZK
32, ThoDdEERA X, SQLIZHIET
BIENTEDEEZOND,

After we reached the SQL
Y.Chen (Caltech) .
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FANYADE I ¥V Ty =) VI DEBDICH
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RN A A4V TRIER LD 7ZDIEA X, MQM
T F X 4V CRTFIRED £ 77 4 2155

ICHWeNh5, BER EOZDICHIILTEN

LT ZENEETH S,

MQM WFZE TR 32 5D TH 5 D he T3
4 XV N ORFEREFRBEOMGEE. 2 L TETH
IV A VIR Y PIRREDAER & MGk, 5745 b
Yy 7L LTE, 2O e hiEE L
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R ZIREMTEN AR &) X, WREIBIEA

Measure the wavefunction? 15

* Wigner Function, Wix,p), a joint probability density of x and p. [Equivalent ta p.]
* Equivalent to prescribing distributions of all guadrature amplitudes of the escillator:
X, = x(0), X, = p(0)/ (Mw_)

X, = X cos{+ X, sing,

i

Gravity Decoherence?

* Penrose: Spacetime structure does not superpose, must collapse into classical

SUPETPOSILIons
& However, any state can be written as quantum superpositions of other states -

what would be thc- pou ter” states the system collapses to?? f‘_'m ion t

Schre nger-Nevy Equation? Pe R & nd, A3 (
1939 {1998))

= Let us take a less dramatic assumption: ¢
must reduce

= between multiple particles

self gravitational energy
Ei= f:mrylp{") AOONRLY) = )] e 1o difierence In distrbustion
. [ =¥ Penrase, 1996
T

O e mutual attraction energy

o8 _ px)e ()
Eg _[dxriy Ix

¥l Diosi

5r R R Ep e G(Méz/R)* . GM5?

M5 R\? ¢ RY?
En~ =g~ Ea (_) (_)
B —

much shorter
decoherence time!!!

L dx

L2 ZICET 3ER (FH) (Chen BhsIZO X
4 K&EN),
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7o SR EETIT b -EDREE®SS
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2010.5.24 (Mon) - 5.25 (Tue)
izzada Institute for Advanced Study, Bldg. #3
Whats CLE T What's MO RT WAt s wolks bop?

Program (greliminary)
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Location

aseda University is canveniently located near Shinjuk station in Tolg (There is a direct train to the Naiita
airport called "Harita Express" stopping at Shinjuku statiar). iz resommend to ctay one of the reasonable hatels
in Higashi-Ghinjuky ares (see below), fram which one can take 3 bus"Wasada 77" to the University. NOTE that
there are several sampuses of Waseda University, while the workshop is held in "Waseda" campus (not"Nishi
Uaseda® campus!). The meeting will be held in the hieeting Room #1 in Building 8 (5th flor). (see website of
Uiage da Unive sity),

Accommodation

‘e booked 10 rooms in E-Hotel Higashi-Shinjuku. Let us knouw by May 10th if you like to stay at this business
hotel. Some of us will pick you up in the moming and take vou to the mesting. The bus"iaseda 77" stops just in
frant of the hotel. The early-booking discount rate is 5300 YEN without breakfast, The hotel has wired intemet
and laundry facility.

Registration

Please zend an email to hare with changing _AT_to @, justto let us count the number of people in the mesting
room. Thare is no registration fee for thiswokshop, Coffee and tea will be provided. Lunch and dinner should be
paid at your own expense
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[BiNEUR K]
Yanbei Chen (Caltech)
Farid Khalili (Moscow State University)
Stefan Danilishin (Moscow State University)
Haixing Miao (University of Western Australia)
Thomas Corbitt (MIT)
Stefan Gossler (AEI Hannover)
Kazuhiro Yamamoto (AEI Hannover)
Tristan Briant (Universit? Pierre et Marie Curie)
Koji Arai (Caltech)
Andreas Freise (University of Birmingham)
Stefan Hild (University of Glasgow)

Chunnong Zhao (University of Western Australia)
Warren Johnson (Louisiana State University)
Shihori Sakata (OCA) ; Skype i12&k 3 U E— &/l
Seiji Kawamura (NAQJ)

Stefan Ballmer (NAOJ)

Ryutaro Takahashi (NAOJ)

Kazuhiro Agatsuma (NAOJ)

Norikatsu Mio (Univ. of Tokyo, Frontier Sciences)
Noriaki Ohmae (Univ. of Tokyo, Frontier Sciences)
Takumi Mori (Univ. of Tokyo, Frontier Sciences)
Yoichi Aso (University of Tokyo)

Nobuyuki Matsumoto (University of Tokyo)

Yuta Michimura (University of Tokyo)

Erina Nishida (Ochanomizu University)
Toshikazu Suzuki (KEK)

Atsushi Nishizawa (University of Kyoto)

Akio Hosoya (Tokyo Institute of Technology)
Yuki Susa (Tokyo Institute of Technology)
Masatake Ohashi (ICRR)

Shinji Miyoki (ICRR)

Takashi Uchiyama (ICRR)

Osamu Miyakawa (ICRR)

Kentaro Somiya (WIAS)  ¥NEARE T



